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ABSTRACT  
This paper presents a novel method to estimate the future biomass energy potential in countries with domestic markets 
unable to influence international markets. As a study case, the biomass energy potential in Colombia is estimated for the period 
2010-2030. 
The prediction model is a scenario-based optimization algorithm that maximizes the yearly profit of locally producing and 
importing commodities in a country subject to certain constraints (domestic demand, limited area, etc.) as well as to 
demographic, macroeconomic and market data (e.g. domestic and international prices of commodities). The bioenergy potential 
associated to the production of commodities is calculated according to a methodology presented by the same authors. In order 
to provide a modeling framework consistent with other state-of-the-art projections, global scenarios for analysis are selected 
from the literature rather than formulated. Selected global scenarios highlight the influence of global biofuel use on agricultural 
prices, production and demand.  
Results predict a theoretical bioenergy potential in Colombia 56% to 69% larger in 2030 than in 2010 (1.31 - 1.41 EJ). A 
sensitivity analysis shows that while a higher global biofuel use lead to a higher local bioenergy potential, its influence is less 
pronounced than that of agricultural yields, demand and specific energy of biomass resources. 
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NOMENCLATURE  
Abbreviations 
BRICS Brazil, Russia, India, China & South Africa 
COL Colombian peso 
FTA Free Trade Agreement 
GDP Gross Domestic Product 
R&D Research and Development 
TRQ Tariff Rate Quota  
USD U.S. dollar 
 
Symbols 
A  area 
c  production cost  
D  domestic demand of commodities 
I  volume of imported commodities  
I1 volume of imported commodities subject to tariffs 
©2014. This manuscript version is made available under the CC-BY-NC-ND 4.0 
licensehttp://creativecommons.org/licenses/by-nc-nd/4.0/ 
doi: 10.1016/j.renene.2014.03.056 2  
I2 volume of imported duty free commodities  
k price sensitivity coefficient 
M  profit 
P  domestic production of commodities 
PIC  price index for Colombia 
Y  yield 
π  price “Free On Board” (FOB) 
π* price “Cost Insurance and Fright” (CIF)  
 
Subscript 
i  i-th time step, year 
j  j-th commodity 
 
Superscript 
D  domestic production 
E  exports 
I1  imports subject to tariffs 
I2  duty free imports 
Max  maximum 
1. INTRODUCTION 
Global interest on bioenergy as the largest renewable resource today [3] with the potential to reduce dependency on fossil 
fuels and decrease greenhouse gas emissions continues to grow. While most R&D activities on bioenergy have been so far carried 
out in industrialized countries and in few large economies, the largest growth in biomass to power and biofuel production is 
actually expected in emerging economies and developing countries [1]-[4]. Despite a vast potential, developing countries face 
several challenges to use sustainably bioenergy resources. Hurdles include limited industrial experience, constrained investment 
in R&D and absence of support policies. Strategic planning is therefore required to ensure that appropriate measures are taken 
to exploit bioenergy. This paper deals with one of the critical challenges of strategic planning: how to estimate future bioenergy 
potential in a country.  
Assessing the future bioenergy potential is important not only to understand the magnitude and significance of bioenergy to 
the future energy mix of a country, but also to analyze associated changes in land use and ecological impacts. Ultimately, it is 
critical to design sound policies that ensure sustainable operation and environmental benefits. Several reviews have recently 
compared approaches, methodologies, key drivers and results of future bioenergy potential assessment for different countries 
[5]-[8]. Most reviews agree that while there is lack of a widely accepted and systematic approach to estimate future bioenergy 
potential, an ideal approach should consider demographic data, market data (food, energy, others), land use, macro-economic 
effects and environmental impacts [5]-[12]. Regarding the country of analysis, the majority of bioenergy assessments target 
industrialized countries and emerging economies (e.g. BRICS) while a limited number of studies aim at developing countries. 
Compared to industrialized countries, studies for developing countries are often less comprehensive and offer a limited level of 
detail in data and analysis [5].  
The aim of this paper is to present a methodology to estimate the future biomass energy potential in countries with domestic 
markets unable to influence international markets. The proposed methodology is a combination of resource-focused and 
demand driven approaches in which the bioenergy potential is influenced by the demand and land use under different global 
scenarios selected from the literature. The fundamental driver of land use and trade is the maximization of the profit that can be 
perceived by local actors. Competition is considered at three levels: food vs. biofuels, residues for energy vs. other uses and local 
production vs. imports, although an exhaustive representation of all economy sectors and international trade is beyond the 
scope of this investigation. 
Potential advantages of this methodology include a simple approach that is easy to implement and relies on official statistics 
and public data. Simultaneously, it offers a significant level of detail in terms of land use, production of commodities and biomass 
categories compared to existing studies for developing countries. These features are expected to be particularly relevant for 
countries like Colombia, where no future bioenergy assessments are available. 
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This paper is structured as follows: Section 2 describes the proposed methodology, modeling approach and optimization 
algorithm to evaluate future bioenergy potential; assumptions, model validation and results for the particular case of Colombia 
are presented in Section 3; finally Section 4 present the conclusions and recommendations.  
2. METHODOLOGY 
2.1 Bio-energy production in Colombia  
The formulation of the methodology starts from a literature review of state-of-the-art approaches to estimate the future 
bioenergy potential. Detailed comparison of approaches, methodologies, key drivers and results of state-of-the-art bioenergy 
assessment are provided by Heistermann et al. [10], Batidzirai et al. [5], Berndes et al. [8], Gnansounou [12] and Van 
Schrojenstein Lantman et al. [11]. In general, three types of approaches are identified: resource-focused, demand driven and 
integrated [5], [8].  
Resource-focused approaches estimate the overall bioenergy resource and competition between different uses [8]. Two main 
types of methodologies are employed in resource-focused approaches [5]:  
 Statistical analysis: it relies on statistical data to estimate the availability of biomass for energy production and other uses. 
Advantages include simplicity, transparency, reproducibility and low cost. However, it offers limited considerations for macro-
economic impacts, environmental and social aspects. 
 Spatially explicit analysis: it combines spatially explicit data and land use to assess bioenergy. The main advantage is the ability 
to evaluate distribution of bioenergy and impacts at a local and regional level. Drawbacks include lack of reproducibility, labor 
intensiveness and high complexity that does not necessarily provide more accurate results.  
Demand-driven assessments investigate the cost competitiveness of bioenergy systems and evaluate biomass supply to meet 
exogenous targets [8]. Two main types of methodologies are employed in demand-driven assessments [5]:  
 Cost-supply analysis: it combines a bioenergy technical estimation with a cost evaluation of the biomass supply chain. It is a 
simple, transparent, reproducible and cheap method. However, competition is not accurately modeled as it does not allow 
matching demand and supply through prices. 
 Energy-system modeling: it simulates the behavior of energy markets and the competitiveness of bioenergy systems through 
application of economic optimization. Benefits include suitability to evaluate costs and effectiveness of policies. However, it 
lacks validation of land availability and agricultural yields and it uses economic correlations based on expert judgment.  
Integrated approaches combine benefits of both approaches and take into consideration multiple sustainability aspects, e.g. 
macro-economic impacts, competition for land, environmental and social constraints. Yet, they are relatively complex, difficult to 
integrate, not very transparent and expensive. 
2.2 Modeling approach and assumptions 
The proposed methodology is formulated under three premises: 1) it should be easy to implement and to be reproduced, 2) it 
should be inexpensive to adapt to constrained R&D budgets and 3) it should include the maximum number of key elements of 
the ideal approach to estimate bioenergy potential (i.e. demographic data, market data, land use, macro-economic effects and 
environmental impacts). These criteria are then utilized to select the most appropriate approach among state-of-the-art methods. 
Complex methods, difficult to implement and reproduce such as resource-focused spatially explicit analysis are excluded as do 
not satisfy the first premise. All remaining methods satisfy the second premise. After considering the third premise, it appears 
that resource-focused statistical analysis and demand-driven cost-supply analysis are the methods that offer the maximum 
number of key elements of an ideal approach. It is then concluded that more advantages could be obtained by combining both 
methods than by selecting one of the already available methods, on condition that individual drawbacks are mitigated. 
Consequently, the proposed methodology is an improved combination of a resource-focused statistical analysis with a demand-
driven cost-supply analysis (see Figure 1, which is a representation adapted from Berndes et al [8]) that includes demographic 
and market data, land use and macro-economic effects but excludes environmental impacts at this stage. Proposed 
improvements and modifications are explained as follows. 
Improvement to the resource-focused statistical analysis 
A bottom-up statistical analysis is applied to appraise the availability of the different biomass categories as well as to estimate 
the competition for residues and by-products between energy production and other uses (see more info in Gonzalez Salazar et al. 
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[1]). In addition, the macro-economic influence of global biofuel use on agricultural prices, production and demand is considered 
through the use of global scenarios selected from the literature. 
Improvement and modifications to the demand-driven cost-supply analysis 
Rather than evaluating the cost of supplying biomass for energy purposes, it is proposed to evaluate the cost competitiveness of 
biomass for different uses (food, wood, biofuels, others) through the use of a land use and trade model whose driver is the 
maximization of the profit. Competition is considered at two levels: food vs. biofuels and local production vs. imports, although 
an exhaustive representation of all economy sectors and international trade are beyond the scope of this investigation. 
For competition between local production vs. imports, goods are assumed to be heterogeneous, which means that imports are 
imperfect substitutes of local products. Heterogeneity of goods has been modeled under the simplified assumption that the 
market share of a local product is inversely proportional to its price relative to its competitors, as described by the Argonne 
National Laboratory in [13]. For land competition, it has been assumed that land is perfect substitutable between different uses. 
Concerning modeling dynamics it has been assumed a recursive dynamic method in which previous land-use decisions may 
influence subsequent ones with time-dependent variables updated exogenously (e.g. population, available area, commodity 
prices, yields, etc.), as described by Heistermann et al. in [10]. It is important to mention that since commodity prices, yields and 
demand are exogenous inputs to the model, the proposed methodology is applicable only to countries with domestic markets 
unable to influence international markets. Other assumptions considered in this paper include: 
 Local production and import of agricultural commodities are private activities. Therefore, no governmental activity is 
undertaken. It is assumed that both local producers and importers are rational, which means that they always attempt to 
maximize their own profit. 
 There are no maximum restrictions to sell commodities in the international market. 
 There is enough labor force, fertilizers and capital to produce commodities each year. 
 Taxes are not included as profit. 
This framework favors a simple, quick but robust implementation over costly, complex and very detailed approaches. Thus, it is 
expected that the proposed methodology is advantageous to countries at an early stage in the process of assessing the future 
bioenergy potential.  
2.3 Information processing 
The strategy to process the information according to the methodology described above is illustrated in Figure 2. Data is first 
collected from different sources and grouped into four main categories, i.e. global scenarios, market data, economic data, and 
finally technical data and projections. Collected data are exogenous inputs to the optimization model. The optimization model 
maximizes the yearly  profit perceived by local actors according to the model inputs and subject to certain constraints (more 
info in Section 2.4). The optimization is conducted year by year with outputs of year i influencing decisions of year i+1. It uses a 
metaheuristic algorithm whose outputs include the production and import of commodities, the land use and the demand for 
labor and fertilizers. Subsequently, results of local production of commodities and land use are used as inputs to calculate the 
associated energy potential. The methodology and assumptions described by Gonzalez-Salazar et al. in [1] are then employed to 
estimate the theoretical and technical bioenergy potential. Finally, a Monte-Carlo algorithm is utilized to compute the sensitivity 
of results to the input variables.  
 
2.4 Mathematical formulation  
In the proposed methodology the bioenergy potential is influenced by the demand and land use under different global 
scenarios selected from the literature. The model is built under the assumption that the fundamental driver of land use and trade 
is the maximization of the profit perceived by local actors. Two local agents are taken into account, i.e. the local producer and the 
importer (see Figure 3). Thus, land use and trade are allocated through an optimization algorithm in which the objective function 
is aimed to maximize the profit of the domestic producer and the importer. It is assumed that domestic production and imports 
can supply local demand and that local production can be destined to the domestic market or exports. This means that a country 
can simultaneously be importer and exporter of a particular commodity. A mathematical formulation of the optimization 
problem is presented in Eq. (1) and in more detailed form in Eq. (2).  
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Eq. (1) 
 
 
Eq. (2) 
 
The optimization algorithm is subject to various constraints, explained as follows. 
 
1. The production of a commodity is a function of the area and yield. The yearly area required to produce each commodity  
is a variable optimized in the model and the yield  is a parameter entered exogenously: 
 
 Eq. (3) 
 
2. The overall use of the land should not exceed the maximal area available within the country (Eq. (4)). The maximum area 
available  is a fixed parameter, while availability of area for the different uses is an exogenous input of the model. 
 
 Eq. (4) 
 
3. There is a maximal yearly growth in area (or in production for non-land competing commodities) for each commodity based on 
statistics: 
 
 Eq. (5) 
 
4. For permanent crops there is a maximum and a minimum yearly growth in area based on statistics:  
 
 Eq. (6) 
 
5. The domestic demand should be fulfilled, see Eq. (7). The domestic demand is an exogenous input to the model. The 
production to supply the domestic demand is estimated deterministically using Eq. (8), Eq. (9) and Eq. (10). The volume of 
duty free imports  is a variable optimized in the model and is subject to policies defining maximum duty free imports (see 
Eq. (11)). Finally, the volume of imports subject to tariffs  is an output of the optimization model. 
 
 
 
Eq. (7) 
 
6. The theoretical market share of the local production is assumed to be inversely proportional to its price relative to its 
competitors, as shown in Eq. (8) and described in more detail for energy products by the Argonne National Laboratory in [13]. 
Prices for domestic and imported products are entered exogenously. Price sensitivity coefficient k is calculated empirically from 
statistics. 
 
 
Eq. (8) 
 
7. The theoretical production to supply the domestic demand is defined in Eq. (9). The real production to supply the 
domestic demand is evaluated in Eq. (10) as a logical function. If the total yearly production of a commodity is higher than 
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the theoretical production to supply the domestic demand, then the real production to supply the domestic demand is the 
theoretical value calculated in Eq. (9). Otherwise, its value is equal to .  
 
 
Eq. (9) 
 
 
Eq. (10) 
 
8. The yearly volume of duty free imports should be lower than a maximum volume defined in policies or regulations. 
 
 Eq. (11) 
2.5 Optimization algorithm  
A metaheuristic algorithm is employed to conduct a deterministic optimization given its ability to solve problems with a large 
number of variables, to avoid local optima and to find a nearly optimal solution. These advantages result in improved outcomes 
and performance compared to classic optimization methods, although the best solution found is not guaranteed to be the global 
optima. This method treats the objective function as a black box and improves iteratively a candidate solution to reach an 
optimal solution.  
In this investigation, the optimization is performed in Oracle® Crystal Ball 11.1.2.1 with OptQuest as the optimization engine. 
OptQuest is based on scatter search and incorporates other complementing mechanisms including genetic algorithms, particle 
swarm optimization and cross entropy, among others [17]. Other characteristics of the optimization include: 50000 trials per case 
per year and a Latin Hypercube sampling method using 1000 bins. 
2.6 Sensitivity analysis 
A Monte-Carlo algorithm is used to perform a variance-based sensitivity analysis to probabilistically quantify the contribution 
of inputs to the results of the sub-model that calculates the bioenergy potential (see Figure 2). The Monte-Carlo algorithm is used 
to generate random sampling of input variables according to probability distributions. Then, the algorithm performs a 
deterministic calculation of each trial and quantifies the probability of the model outputs to occur. In this paper a triangular 
probability distribution is employed to assign a probability to all input variables. A default ±10% deviation from the mean has 
been used as maximum and minimum probability limits for all inputs. The sensitivity analysis in this investigation is conducted in 
Oracle® Crystal Ball 11.1.2.1 using 0.5 million trials and a Latin Hypercube sampling methods using 1000 bins. 
2.7 Selected global scenarios 
In order to provide a modeling framework consistent with other state-of-the-art projections, global scenarios for analysis are 
selected from the literature rather than formulated. Global scenarios are selected based on their ability to describe the influence 
of global biofuel use on agricultural price, production and demand. Bearing this in mind, four state-of-the-art scenarios published 
by IIASA and FAO are selected [14]. These four scenarios evaluate macroeconomic impacts of future demand for biofuels at 
different levels: a) no use of agricultural crops in the future for biofuel production (FAO-REF-00), b) future use of biofuels will 
follow the same trend as in the past (FAO-REF-01), c) biofuel production as predicted by the International Energy Agency in the 
World Energy Outlook (WEO-V2) and d) fast expansion of biofuel production to satisfy mandates and targets in different 
countries by 2020 (TAR-V1). In addition to these four scenarios and for comparative purposes, two additional datasets are 
incorporated, even though they do not evaluate macroeconomic impacts of global biofuel use. These two datasets are the price 
forecast for commodities published by the World Bank [15] and data from the World Agricultural Outlook published by the Food 
and Agriculture Policy Research Institute (FAPRI) [16]. More details about the characteristics, assumptions and design of the 
selected scenarios and datasets are given in Table 1. 
 
3. STUDY CASE: COLOMBIA 
The methodology to assess the future trade, land use and bioenergy potential described earlier is applied to the case study of 
Colombia. 
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3.1 Background 
As other developing countries, Colombia is characterized by a vast bioenergy potential contrasted with limited strategic 
planning and R&D activities. The assessment of future bioenergy potential has so far been explored solely by governmental 
agencies. The Mining and Energy Planning Unit (UPME), an affiliate of the Ministry of Mines and Energy has issued two reports 
that evaluate the demand for bagasse, wood fuel, residues and biofuels during the period 2010-2030 [18], [19]. These studies 
report the use of econometric models and time series to assess the demand of biomass resources, though specific details of the 
methodology, assumptions and boundary conditions are not described. Results from UPME predict a steady increase in demand 
for bagasse, bioethanol and biodiesel, driven by a biofuel blend mandate and the potential to export biofuels. On the other hand, 
UPME expects a decrease in demand for wood fuel, as it will continue being substituted by liquefied petroleum gas (LPG) in rural 
areas. 
3.2 Inputs 
The considered time frame is set between 2010 and 2030. Inputs to the model are grouped into four categories, i.e. economic 
data, global scenarios, market data and lastly technical data and projections.  
3.2.1 Economic data 
Economic inputs to the model include price indices, exchange rate, minimum wage and characteristics of commodities in 
Colombia. No projections from governmental sources on these parameters for the period 2010-2030 are publicly available. 
Therefore, projections from international agencies are used. The measure used to estimate escalation of future prices in 
Colombia is the average Gross Domestic Product (GDP) deflator growth for Latin America predicted in the FAPRI-ISU Agricultural 
Outlook 2011 [16]. Similarly, the projection of the exchange rate between Colombian peso and U.S. dollar is taken from the 
FAPRI-ISU Agricultural Outlook 2011 [16]. On the other hand, the measure to estimate escalation of global prices of commodities 
in the future is the Manufactures Unit Value (MUV) Index published by the World Bank [15]. Regarding the minimum wage, the 
current value is taken from the Central Bank of Colombia [20]. A projection of minimum wage is not found in public literature and 
therefore it is assumed to vary according to the GDP deflator growth in the future. A summary of the economic inputs to the 
model is presented in Table 2. 
Regarding characteristics of commodities in Colombia, the trade and land use model considers 18 commodities classified into 
agricultural crops, forestry and livestock. Two main features characterize these commodities. First, the distinction whether they 
compete for land or not. Second, the type of market, which might be a) production for domestic supply only, b) production for 
domestic supply and exports and c) production for domestic supply, imports and exports. Characteristics of the different 
commodities assumed in this paper are shown in Table 3. 
3.2.2 Global scenarios 
The main inputs from the global scenarios are the predicted international price of commodities. The trade and land use model 
proposed in this paper considers 18 main commodities for Colombia, out of which 13 are assumed to be traded not only at the 
domestic market but also at the international market (see Section 3.2.4). In general while most global scenarios and datasets 
predict the price of at least 11 commodities (see Table 3), none of them evaluate the price of all 13 internationally traded 
commodities relevant for Colombia. Therefore, data from global scenarios is adapted following the procedure explained as 
follows.  
Scenarios projected by IIASA and FAO aggregate the commodities into five main categories, namely crops, cereals, other crops, 
livestock products and agriculture. Moreover, the projected price indices for commodities are also aggregated into these five 
categories. Authors of the scenarios informed through personal communication that a further disaggregation by commodity is 
not available. Therefore, some assumptions are taken. First, relevant commodities for Colombia are grouped into the five 
categories: crops (coffee, sugar), cereals (maize and rice), other crops (cotton), livestock products (beef meat, chicken meat and 
pork meat) and agriculture (wood logs).  
It is also assumed that palm oil and bananas will have the same price indices as cereals, as historical price growth of these 
commodities since 1990’s grew in a similar way than cereals (see [15] for more information). Second, current international price 
of commodities is taken from the World Bank database [15] and escalated according to the price indices projected by IIASA-FAO. 
Although the IIASA-FAO study is designed to describe the influence of global biofuel use on agricultural prices, it does not project 
the price of biofuels.  
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Among the selected scenarios and datasets, only FAPRI predicted the future growth in price of bioethanol and biodiesel. 
Results of a regression analysis show that that the growth in price for biodiesel is somewhat correlated to the growth in price for 
palm oil in the following way (current prices, R2=0.892):  
 
Eq. (12) 
Similarly, the growth in price for bioethanol is correlated to the growth in price for sugar (current prices, R2=0.825):  
 
Eq. (13) 
For the sake of comparison, these correlations are used to estimate the future price of bioethanol and biodiesel for the four 
IIASA-FAO scenarios and for the World Bank dataset. 
In a similar manner, only FAPRI predicts the future price of pork meat, therefore this prediction is also used for all other 
scenarios and datasets. However, the FAPRI dataset does not predict the price of some commodities including bananas, cotton, 
coffee, rice and wood logs. In this case the corresponding prices of the FAO-REF-01 reference scenario are used in the FAPRI 
dataset. A comparative summary of the predicted Free on Board (FOB) prices (in constant 2005 US $) for all scenarios and 
datasets is presented in Table 4.  
3.2.3 Technical data and projections  
Inputs in this category include the availability of land, production yields, projections of population and domestic demand and 
finally the method to account cattle stocks. 
Availability of land for the different uses is an exogenous input to the model and is based on statistical information. Main 
sources of statistics for Colombia include the Ministry of Agriculture and Rural Development (MinAgricultura) [24] and FAOSTAT 
[25]. Significant differences in statistics on land use are found between these two sources, though a dedicated comparison is 
beyond the scope of this paper. Generally speaking, FAOSTAT offers a clear accounting methodology and a large amount of data, 
while MinAgricultura publishes only agricultural area based on information reported by producers. FAOSTAT database is 
therefore selected to estimate the availability of land in this study, as it provides a more consistent methodology and a larger 
amount of data. According to FAOSTAT, the forest area in 2009 accounts for 60.6 million ha. Deforested area is estimated to be 
100 thousand ha per year in the last 20 years, resulting in a continuously increasing area for permanent meadow, pastures and 
crops.  
It is assumed that this deforestation rate and the consequent transformation of forest land into agricultural land will continue 
over the next 20 years. Area for other uses (e.g. urban use, etc.) is estimated by FAOSTAT to be about 7.8 million ha. This area has 
remained relatively constant since 2000 (0.1% increase in a decade) and it is assumed to remain constant at 8 million ha until 
2030. FAOSTAT estimates the total agricultural area in 42.54 million ha in 2009, which includes area for permanent meadows and 
pastures (39.18 million ha) and area for crops (3.35 million ha) [24]. The area required for the 18 commodities considered in this 
paper accounts for 2.94 million ha in 2009, while the remaining 0.41 million ha correspond to other commodities not included in 
this study. The area required to produce these latter products has been reduced from 1.5 million ha in 1990 to 0.41 million ha in 
2009. In this work it is assumed that this area remains constant at 1 million ha until 2030. Assumed overall availability of land in 
the period 2010-2030 is illustrated in Table 5. In the optimization model the area for agricultural crops and land-competing 
livestock commodities should not exceed the ‘area for commodities not included in the model’, whereas area for production of 
wood should not exceed the ‘forest area’ in Table 5. 
Maximum yearly growth in area for commodities competing for land is estimated from statistics. For non-land competing 
commodities such as livestock products, it is estimated the maximum yearly growth in stocks. Outlying observations are rejected 
according to the criterion proposed by Thompson [53]. Summary of collected data for minimum and maximum yearly bounds for 
the different commodities is shown in Table 6. 
Production yields for the different commodities and their associated projected growth is collected from various sources. 
Projections for growth in yields of commodities such as bananas, coffee, palm oil, plantain, sugar, cattle density (animal/ha) and 
jaggery are not found in literature. In those cases, time-series methods are used to estimate a mathematical fit for historical data 
whose trend is assumed to continue into the future. The tool employed for time-series analysis is Predictor in Oracle® Crystal Ball 
11.1.2.1. 
The demand for commodities is estimated as the product of the demand per capita and the population. One notable exception 
is the projected demand for bioethanol and biodiesel, which is calculated from UPME [19], [35]. Current population is taken from 
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the World Bank [38], while projected growth is taken from DANE (2010-2020) [37] and from the World Bank (2020-2030) [38] 
(see Table 7). 
On the other hand, historical and projected demand per capita for the different commodities are taken from various sources 
(See Table 9). The scenarios developed by IIASA and FAO predict varying demand for cereals according to the level of global 
biofuel expansion, which is also included. Projections of demand for some commodities including cotton, horse meat and wood 
are not found in literature and are estimated using time-series methods. 
Regarding the method to account for cattle stocks, it is used the Livestock Development Planning System v2 (LDPS2) sub-model 
developed by FAO [40]. Some important assumptions taken include a fertility rate of 80% for dairy cattle and 53% for beef cattle, 
a prolificacy rate of 100%; 5.5 years in breeding herd for beef cattle and 5 for dairy cattle; 2.5 years in replacement herd for beef 
cattle and 1 year for dairy cattle; 2.5 years from young to slaughter for beef cattle and 1 year for dairy cattle. 
3.2.4 Market data 
Inputs in this category include the market structure, production costs and domestic prices of commodities, price of imported 
commodities, free trade agreements and market shares. In addition, all other assumptions discussed in Sections 2.2 and 2.4 are 
applied. 
Regarding the market structure, two local agents are considered, i.e. the local producer and the importer as illustrated in 
Figure 3. For the case of Colombia, it is assumed that importing commodities is an activity undertaken only by local companies. 
On the contrary, it is assumed that transporting and insuring imported and exported commodities are activities undertaken by 
foreign companies. Moreover, it is assumed that only local agents (i.e. producers and importers) contribute to create profit 
within the country, thereby influencing the optimization problem.  
Concerning the estimation of production cost of commodities, the process is to evaluate first the current production costs and 
then escalate those using adequate factors. While current production costs for different commodities are available in literature, 
detailed data on cost supply curves is not found. Given the lack of data, it has been assumed that current production costs are 
not dependent on supply size. Current production costs are gathered from various references in public literature, including 
Sistema de información de Precios del Sector Agropecuario [22], MinAgricultura [24], UPME [33], DNP [41] and others. 
Production costs are breakdown into cost groups depending on the commodity, as shown in Table 10. Current costs of 
production are escalated in the future according to the following expression:  
 
Eq. (14) 
The method used to estimate the future price of commodities at the domestic level is a three steps process:  
1. Data on historical domestic price of commodities is collected. Main sources include the Ministry of Agriculture and Rural 
Development [24], Fedearroz [26], Fedepalma [27], the Colombian stock market [29] and others. The historical minimum 
margin for the local producer based on production costs and domestic price is estimated (See Table 11). Then, the future 
price ensuring a minimum margin to the local producer is evaluated,  
2. Potential correlation between historical domestic prices (on a current basis) and either international prices or the price 
index for Colombia is investigated. Based on these correlations, the future price of commodities is calculated 
, assuming that historical correlations might continue in the future (see Table 11).  
3. The maximum between the two future prices calculated in steps 1 and 2 is taken as the future price of commodities. This 
price ensures a minimum margin to the producer and varies at equal or higher pace than the price index (tied to the GDP 
deflator). Thus,  
Regarding trade agreements (FTA), Colombia has signed an FTA with the United States in 2012. This agreement eliminates 
tariffs and import quotas for all commodities [21]. Under this agreement, Colombia will phase-out tariffs on agricultural products 
within a period of 19 years depending on the product. While the phase-out period for some products like corn and cotton is 
immediate, for others like rice and chicken meat will take place in 2030. The latter imported products will benefit however from 
immediate duty-free market access through continuously increasing tariff-rate quotas (TRQ) [21]. Although some daily 
commodities like milk powder can be imported with reduced tariffs and increasing TRQ, for simplicity in this paper it is 
considered that milk will be supplied by local producers only. Assumptions related to the FTA are summarized in Table 13. Other 
FTA’s already signed or in the process to be approved are not considered in this study. 
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The future price of imported commodities is estimated by adding costs of transport, insurance and importing tariffs to FOB 
prices of commodities. It is assumed that importers will sell duty-free imported commodities and imported commodities subject 
to tariffs at the same price at the domestic market. In other words, , and therefore the margin that importers will 
obtain for duty free imports is higher than for imports subject to tariffs. Current transport costs are taken from the OECD 
database [52], assuming that the only origin of imported commodities is U.S. and that the transport type is maritime. Cost of 
insurance is assumed to be 3% of the FOB price for all commodities. Subsequently, the price of commodities including transport 
and insurance, commonly known as CIF price (here treated as , is estimated. Afterwards, a tariff (percentage of 
the CIF price) is imposed to certain commodities, according to the FTA conditions mentioned earlier. After custom clearance, the 
importers charge a margin to the commodities and afterwards commercialize them. It is assumed that the margin perceived by 
the importer for all commodities is 40%, of which 5% is for importing, 30% for distributing and 5% for brokerage. The estimated 
price of importing commodities is also shown in Table 13. 
Finally, it is defined the price sensitivity coefficient k employed in Eq. (8) to estimate the market shares. Historical values of 
market shares and relative prices are collected and regression curves are investigated. Values of the price sensitivity coefficient k 
are estimated using the method of maximizing the coefficient of determination R2 in regression curves.  
Results obtained for the price sensitivity coefficients are shown in Table 12. In general, it is worth mentioning that although 
obtained results do follow the trend of historical market shares, they are unable to describe fully the behavior of such curves.  
3.3 Model validation 
The model considering the inputs and assumptions described in Section 3.2 is validated against historical data for the period 
from 1999 to 2009. Deviation between calculated production values and real production values for the different commodities is 
presented in Figure 4. In general, predicted values for the majority of the commodities considered in the model deviate ±20% 
from the historical production values. A notable exception is the case of cotton, in which the predicted value is underestimated 
by values ranging from 20 to 70%. Another example of high deviation from the real value occurs in the first year of biodiesel 
production (2008), although it reduces to less than 5% in the following year. 
The theoretical bioenergy potential defined as the energy associated to biomass that can be used for energy purposes is 
calculated according to the methodology described by Gonzalez-Salazar et al. in [1]. Potential for both the predicted and the real 
values for the period between 1999 and 2009 are compared in Figure 5. Results show that the theoretical potential of predicted 
values lie within ±5% of the potential associated with real values. This deviation is acceptable for the general purpose of this 
paper and therefore the model is considered calibrated and validated. However, in case that more precision is needed, it is 
recommended the refine the model by using more accurate methods to estimate market behavior. One example is the use of 
price elasticities of demand, supply and substitution, though they are currently not available in public literature for Colombia. 
Other acknowledged limitations of the model at this stage include the omission of climate and environmental effects as well as 
storage of commodities in predictions. 
 
3.4 Results 
Outcomes of the proposed model include the overall profit, the land use and the theoretical bioenergy potential. Results of the 
most profitable commodities for scenarios FAO-REF-00 and TAR-V1 in 2010, 2020 and 2030 are reported in Figure 6 and Figure 7 
respectively. Nine of the thirteen most profitable commodities are products destined to the domestic market, e.g. cattle meat, 
ethanol, maize, milk, plantains, rice, sugar and wood. Most profitable products for export are bananas and wood, whereas most 
profitable products for import (duty free) are rice and chicken meat. Higher profits are expected in scenario TAR-V1 compared to 
FAO-REF-01 for all commodities due to higher international and domestic prices. Remarkably, the profit perceived for cattle 
commodities are in both scenarios higher than for biofuels and other agricultural products. 
Result of the overall profit for all scenarios is reported in constant 2005 US$ in Figure 8. According to the assumptions made, 
this study predicts an overall profit of nearly 12000 M US$ in 2010, which is expected to grow between 66% and 100% (20000-
24000 M US$) by 2030 depending on the scenario. A higher profit is expected for scenarios TAR-V1 and WEO-V2 compared to 
FAO-REF-00 and FAO-REF-01 as a consequence of higher international and domestic prices. Profit estimated for datasets of FAPRI 
and the World Bank lie between the extreme values predicted by the IIASA scenarios and nearby the WEO-V2 scenario. 
Result of the predicted agricultural land use is reported in Figure 9 to Figure 11. Agricultural land is expected to reduce for 
scenarios FAO-REF-00, FAO-REF-01 and FAPRI as a consequence of various factors. First, low international prices for coffee cause 
a significant reduction in harvested area accounting for 0.7 million ha (see Figure 10). Second, a more cost-competitive rice 
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imported from the U.S. is available as of 2012 causing a reduction in area for rice production. However, this reduction is 
somewhat compensated by an increase in area for other commodities such as palm oil and cane at small scale. On the other 
hand, agricultural land is expected to increase by one million ha between 2010 and 2030 for the scenario TAR-V1 (see Figure 11). 
In this scenario it is expected a steady increase in area for most commodities (Figure 11), but particularly for palm oil and cotton. 
In contrast to the reference scenarios, in TAR-V1 the area for coffee and rice maintains constant or even increases. Finally, 
agricultural land in scenarios WEO-V2 and World Bank is expected to maintain fairly constant and to lie between the extremes 
mentioned above. 
As described in Table 5, forest land in Colombia is expected to decrease 2 million ha between 2010 and 2030 as a consequence 
of deforestation. Area required for wood production (not shown) is expected to increase from 300 thousand ha in 2010 to about 
500 thousand ha in 2030 for all scenarios, accounting for a small portion of the total forest land (58.5 million ha in 2030). 
The predicted use of land for cattle is shown in Figure 12. Contrary to the agricultural land, the land for cattle is expected to 
increase for all considered scenarios. Increase ranges from 1.2 million ha for TAR-V1 to 2.4 million ha for FAO-REF-00. A change in 
land use is therefore required to justify this increase for all scenarios. Two types of changes in land use are foreseen, e.g. 
agricultural land and forest land transformed into land for cattle. Transformation of agricultural land into land for cattle occurs 
for all scenarios except TAR-V1 and World Bank (in which agricultural land increase), accounting for up to 0.4 million ha. 
Transformation of forest land into land for cattle via deforestation occurs therefore in all scenarios to cover the remaining gap, 
accounting for 0.8 to 2 million ha. 
In general, it is found that the increase in land for cattle is more pronounced in scenarios forecasting low commodity prices, 
e.g. FAO-REF-00 and FAO-REF-01. The reason for this lies on the higher cost competitiveness of cattle products (meat and milk) 
compared to other agricultural products (see Figure 6 and Figure 7). Therefore, cattle products are likely to win the land 
competition, particularly at lower commodity prices. 
Results of the theoretical bioenergy potential for all scenarios during the period 2010-2030 are shown in Figure 13. An increase 
in the theoretical bioenergy potential is predicted from 0.84 EJ in 2010 to a value ranging from 1.3 to 1.4 EJ in 2030 depending on 
the scenario. It is found that the highest potential correspond to scenarios with high global biofuel expansion, e.g. TAR-V1 and 
WEO-V2. However, the difference in prediction between scenarios describing the lowest and highest global biofuel expansion is 
relatively small (0.1 EJ). Therefore, the theoretical bioenergy potential in Colombia depends only to a small extent on 
international prices and on global biofuel expansion. Results for databases from FAPRI and the World Bank are consistent with 
results obtained for scenarios developed by FAO-IIASA. 
 
Results for local biofuel scenarios 
The overall profit for alternative local biofuel scenarios relative to the reference (selected to be the scenario FAO-REF-01) is 
reported in Figure 14. The profit for the scenario with an aggressive blend mandate is expected to be higher than the reference 
throughout the entire investigated period; this difference in profit is predicted to grow up to 146 M US$ in 2030. According to the 
assumptions made, a lesser profit is expected for scenarios with a lower or no blend mandate relative to the reference; relative 
decreases of 57 and 314 M US$ are respectively estimated for those scenarios in 2030. As the local demand for biofuels is bound 
by the blend mandate and not driven by the market, results show that higher blend percentages relative to the reference would 
translate into higher profits for local biofuel producers. While a higher profit for local biofuel producers is surely desirable, it 
comes at expenses of higher costs to consumers which are bound to use biofuels typically characterized by a lower energy 
content than the corresponding fossil fuels. 
Result of the predicted agricultural land use for local biofuel scenarios is reported in Figure 15. Agricultural land is expected to 
reduce between 2010 and 2030 for the reference scenario in the same way as shown in Figure 9. As explained before, this 
reduction in agricultural land is a consequence of various factors including low international prices for coffee and a more cost-
competitive rice imported from the U.S. Similarly, agricultural land for alternative local biofuel scenarios decreases throughout 
the entire period. Agricultural land is expected to remain somewhat unchanged for scenarios with an aggressive blend mandate 
and a constant blend mandate relative to the reference. However, the agricultural land would increase between 2010 and 2018 
for the scenario with no blend mandate compared to the reference; a relative increase of up to 223 thousand ha would have 
occurred in 2011. A closer look at the scenario with no blend mandate reveals that sugar cane would significantly contribute to 
the relative increase in agricultural land between 2010 and 2013 (see Figure 16). This brief growth in land for sugar cane is 
motivated by exports of bioethanol (not shown), as in this scenario there is no local demand for highly profitable biofuels. After 
2013 exporting bioethanol would be though not as lucrative as trading other commodities and land for sugar cane drops to levels 
below the reference. The estimated use of land for sugar cane for the different local biofuel scenarios is shown in Figure 16. The 
land for sugar cane is predicted to vary accordingly to the blend mandate. An increase from 196 thousand ha in 2010 to 248 
thousand ha in 2030 is expected for the scenario with an aggressive blend mandate. On the contrary, a decrease of 216 thousand 
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ha is expected in 2030 for the scenario with a constant blend mandate and of 203 thousand ha for the scenario with no blend 
mandate. It is important to note that in this paper the land to cultivate sugar cane is strictly limited to the Valley of Cauca River 
and no expansion into the Llanos region in the east of the country is considered. 
Figure  17 shows the difference in theoretical bioenergy potential of alternative local biofuel scenarios compared to the 
reference. A relative increase in the theoretical bioenergy potential of 0.022 EJ is expected in 2030 for the aggressive blend 
mandate compared to the reference. This accounts for 1.7% of the bioenergy potential of the reference mandate in 2030. On the 
other hand, a relative decrease in the theoretical bioenergy potential is expected for scenarios with a constant blend mandate 
and with no blend mandate compared to the reference. Decrease ranges from 0.013 EJ for the scenario with a constant blend 
mandate to 0.033 EJ for the scenario with no blend mandate in 2030. This accounts for 0.9% and 2.5% of the bioenergy potential 
of the reference mandate in 2030, respectively. For the scenario with no blend mandate, there is an increase of up to 0.08 EJ in 
the bioenergy potential between 2010 and 2013; this short-term effect is a consequence of a transient rise in cultivated area of 
sugar cane relative to the reference as shown in Figure 16. In general, it is found that the impact of a local biofuel blend mandate 
on the theoretical bioenergy potential is marginal. For instance, a meager 1.7% increase in the bioenergy potential compared to 
the reference in 2030 is expected by aggressively increasing ethanol blend mandate to 15% and biodiesel mandate to 20%. These 
results agree with conclusions from Gonzalez-Salazar et al. [1], which predict a limited influence of biofuels on the overall 
theoretical bioenergy potential. 
3.5 Sensitivity analysis 
A variance-based sensitivity analysis is performed to probabilistically quantify the contribution of inputs to the results of the 
sub-model that calculates the bioenergy potential. As mentioned before, a triangular probability distribution with a default ±10% 
deviation from the mean is used for all inputs. Figure 18 shows the most relevant inputs contributing to the results of the 
theoretical bioenergy potential for reference scenario FAO-REF-01 in years 2010, 2020 and 2030. It can be deduced from this 
figure that ten inputs contribute to 60% of the variance, while other inputs contribute to the remaining 40%. From these ten 
inputs, four relate to yields of production (jaggery, cattle meat, cane at large and small scale); three to specific energy associated 
to biomass resources (wood fuel, forestry field residues and cane at large scale); two to demand of commodities (jaggery and 
cattle meat) and only one related to economic data, e.g. the exchange rate. It can be therefore concluded that agricultural yields, 
demand and specific energy associated to biomass resources have a stronger influence on the bioenergy potential than 
macroeconomic effects or global biofuel use. Moreover, this conclusion confirms the results obtained for the theoretical 
bioenergy potential shown in previous section. 
4. CONCLUSIONS AND RECOMMENDATIONS 
This paper presents a novel method to estimate the future biomass energy potential in countries with domestic markets 
unable to influence international markets. In the proposed methodology, the bioenergy potential is driven by demand and land 
use under different global scenarios selected from the literature. 
The theoretical bioenergy potential in Colombia during 2010-2030 is estimated as a study case. Results show that the 
theoretical bioenergy potential is expected to increase from 0.84 EJ in 2010 to a value ranging from 1.3 to 1.4 EJ in 2030 
depending on the scenario. The most relevant parameters contributing to the bioenergy potential include agricultural yields, 
demand for commodities, specific energy of biomass resources and to a lesser extent the global biofuel use. Agricultural land is 
expected to reduce for most scenarios as a consequence of low prices for key commodities and competition with imported 
products. On the other hand, land for cattle is expected to increase for all scenarios as a result of a higher cost competitiveness of 
cattle products compared to many agricultural products. In general, it is found that the impact of a local biofuel blend mandate 
on the theoretical bioenergy potential is marginal. 
This paper offers an inexpensive, easy to implement, and robust methodology which is fully supported by official statistics and 
that might be advantageous for countries at an early stage in the process of assessing the future bioenergy potential. 
Recommendations for future work include the development of methods to estimate market behavior more accurately, 
development of cost supply curves for all relevant commodities in Colombia, implementation of climate effects, environmental 
impacts and storage of commodities. 
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Table 1 Comparative overview of selected global scenarios and datasets 
Scenario Institution Definition Characteristics 
FAO-REF-00 IIASA-FAO Assumes a world with no agricultural crops used as 
feedstock for biofuel production 
Modest increases in world market prices between 
2000 and 2050 
FAO-REF-01 IIASA-FAO Assumes historical biofuel development until 2008; 
biofuels feedstock kept constant after 2008 
Characterized by modest increase in prices. Used as 
reference to compare alternative biofuel scenarios 
WEO-V2 IIASA-FAO Assumes transport energy demand and regional biofuel 
use as projected by IEA in WEO 2008 reference scenario 
It assumes that biofuels are produced with 1st Gen 
until 2030 and that 2nd Gen is available afterwards 
TAR-V1 IIASA-FAO Assumes transport energy demand as projected by IEA in 
WEO 2008 reference scenario. Assumes that biofuel 
targets worldwide will be implemented by 2020 
Scenario characterized by biofuel consumption twice 
larger than projected in WEO 2008. 2nd Gen biofuels 
become available after 2015 with gradual deployment 
WB World 
Bank 
It is not a scenario but a dataset. World Bank publishes 
every month a price forecast for more than 30 
agricultural commodities until 2025. No details are 
published about how the forecasts are created. 
World Bank dataset foresees a reduction in price for 
the period 2010-2030 for all commodities except 
maize, chicken and wood 
FAPRI FAPRI It is not a scenario but a dataset. FAPRI publishes every 
year the World Agricultural Outlook, which includes price 
projections for agricultural commodities, demand and 
macroeconomic data. It is the only institution that 
forecast price of biofuels 
FAPRI prices are similar to WB, with exception of sugar 
and palm oil which are the highest for all scenarios. 
FAPRI does not forecast prices of some commodities 
(bananas, cotton, etc.), in those cases FAO-REF-01 data 
is used 
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Table 2 Summary of economic inputs to the model  
 2010 2015 2020 2025 2030 
GDP deflator growth  
(% previous year); [16] 
4.86 4.17 3.92 3.85 3.75 
Price index for Colombia,  
current prices (2005=1); [16] 
1.27 1.67 2.03 2.45 2.95 
Exchange rate growth   
(% previous year); [16] 
-12.03 1.99 2.40 1.70 1.16 
Exchange rate  
(COL/USD); [20], [16] 
1899 2019 2334 2697 2930 
MUV index  
(2005=1); [15] 
1.13 1.20 1.19 1.23 1.27 
Minimum wage  
(COL/day); [20], [16] 
17167 21511 26146 31599 38040 
 
Table 3 Commodities considered in the model 
Category Type Commodities Type of market 
Compete  
for land 
Price prediction by  
global scenarios and datasets 
IIASA-FAO 
World 
Bank 
FAPRI 
Crops Permanent Banana Domestic, imports and exports    
Coffee Domestic, imports and exports    
Plantain Domestic only    
Palm oil Oil  Domestic, imports and exports    
Biodiesel Domestic and exports    
Cane large Sugar Domestic, imports and exports    
Bioethanol Domestic and exports    
Temporary Cotton Domestic, imports and exports    
Maize Domestic, imports and exports    
Rice Domestic, imports and exports    
Cane small (jaggery) Domestic only    
Livestock Cattle Cattle meat Domestic, imports and exports    
Milk Domestic only    
Chicken Chicken meat Domestic, imports and exports    
Eggs Domestic only    
Pigs Pig meat Domestic, imports and exports    
Horse Horse meat Domestic only     
Forestry Wood Wood logs Domestic, imports and exports    
       
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Table 4 Comparison of international FOB price of commodities for selected global scenarios and datasets (constant 2005 prices) 
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FAO-REF-00 2010 769 888 297 168 383 202 165 798 1079 433 42 70 246 1.93 3.73 
2015 675 988 290 144 287 186 141 595 1113 362 34 60 213 1.65 3.97 
2020 582 1089 284 120 192 169 118 392 1192 291 27 50 180 1.27 3.33 
2025 587 1100 288 121 197 174 119 395 1188 294 28 51 183 1.49 3.25 
2030 593 1110 292 123 202 179 120 399 1269 297 28 52 187 1.82 3.55 
FAO-REF-01 2010 769 888 297 168 383 202 165 798 1079 433 42 70 246 1.93 3.73 
2015 694 1024 294 145 291 189 145 607 1113 372 35 61 215 1.69 4.01 
2020 620 1160 291 123 199 176 125 417 1192 310 28 52 184 1.35 3.44 
2025 628 1177 296 125 205 181 127 423 1188 315 29 53 188 1.59 3.39 
2030 637 1193 300 127 211 187 129 429 1269 319 30 55 193 1.94 3.71 
WEO-V2 2010 769 888 297 168 383 202 165 798 1079 433 42 70 246 1.93 3.73 
2015 736 1103 307 151 302 199 153 636 1113 393 36 64 223 1.81 4.10 
2020 704 1318 316 134 222 196 142 474 1192 352 31 58 200 1.59 3.67 
2025 709 1328 319 135 227 201 143 477 1188 355 32 59 203 1.84 3.65 
2030 714 1338 322 136 231 205 144 481 1269 358 32 60 207 2.23 3.98 
TAR-V1 2010 769 888 297 168 383 202 165 798 1079 433 42 70 246 1.93 3.73 
2015 808 1236 332 161 325 219 168 684 1113 428 39 70 239 2.04 4.24 
2020 846 1585 367 155 266 235 171 570 1192 424 37 69 233 2.08 4.04 
2025 853 1597 370 156 272 241 172 574 1188 427 38 71 235 2.41 4.08 
2030 860 1609 372 157 278 246 174 579 1269 431 39 72 238 2.92 4.45 
FAPRI 2010 769 888 185 163 383 202 182 837 1079 433 50 69 246 1.93 3.73 
2015 694 1024 202 171 291 189 169 770 1113 372 42 53 215 1.80 4.16 
2020 620 1160 209 183 199 176 169 866 1192 310 46 52 184 2.15 4.61 
2025 628 1177 206 186 205 181 156 946 1188 315 42 49 188 2.03 4.86 
2030 637 1193 215 198 211 187 154 1055 1269 319 42 49 193 1.92 5.35 
World Bank 2010 769 888 297 168 383 202 165 798 1079 433 42 70 246 1.93 3.73 
2015 749 864 254 167 308 183 175 665 1113 391 32 53 250 1.43 4.18 
2020 742 856 272 171 297 176 174 627 1192 377 31 52 277 1.50 4.25 
2025 708 817 285 175 277 163 167 569 1188 350 28 48 305 1.52 4.16 
2030 702 811 285 179 280 150 167 567 1269 353 29 49 278 1.85 4.44 
 
Table 5 Availability of land in the period 2010-2030  
Availability of land (million ha) 2010 2015 2020 2025 2030 
Forest area  60.50 60.00 59.50 59.00 58.50 
Other land  8.00 8.00 8.00 8.00 8.00 
Area for comm. not included in model 1.00 1.00 1.00 1.00 1.00 
Area for comm. included in model  41.45 41.95 42.45 42.95 43.45 
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Table 6 Minimum and maximum yearly growth for commodities 
Commodities Ref. 
Min. 
yearly 
growth 
Max. 
yearly 
growth 
Bananas (ha) [24], [25]  5500 6500 
Cattle meat (slaughtered animals) [25]  379620 
Area for cattle (ha)  [25]  741000 
Chicken meat (animals) [25]  52458000 
Coffee (ha) [25] 107658 67000 
Cotton (ha) [24], [25]  17593 
Milk (animals) [25]  500000 
Hen (animals) [25]  3000000 
Horse (animals) [25]  10000 
Maize (ha) [24], [25]  97267 
Palm oil (ha)  [24], [25] 2500 24985 
Pig meat (animal) [25]  303420 
Plantain (ha) [24], [25] 27497 46200 
Rice (ha)  [24], [25]  82624 
Cane large (ha)  [31] 27371 35249 
Cane small (ha) [24]  13406 
Wood (ha) [25]   8712 
 
Table 7 Population and biofuel demand 
  2010 2015 2020 2025 2030 
Population (million persons) 46.19 48.93 51.68 54.11 56.17 
Biodiesel in blend (%) 8% 9% 10% 11% 12% 
Bioethanol in blend (%) 8% 8% 9% 9% 10% 
Bioethanol demand (mi. liters) 339.17 397.57 461.65 531.26 606.81 
Biodiesel demand (mi. liters) 383.47 517.73 668.81 830.42 1002.84 
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Table 8 Yields for different commodities 
Yields 2010 2015 2020 2025 2030 References on historical yields 
References on 
yield growth 
Bananas (ton/ha) 27.62 27.62 27.62 27.62 27.62 1961-1991 [25], 1992-2009 [24] Time-series method 
Cattle meat (kg/animal) 215.82 218.94 222.11 225.33 228.59 1961-2009 [25] [30] 
Cattle density (animals/ha) 0.78 0.80 0.83 0.86 0.89 1961-2009 [25] Time-series method 
Chicken meat, carcass weight (kg/animal) 1.77 1.84 1.92 2.00 2.08 1961-2009 [25] [30] 
Coffee (ton/ha) 0.96 1.00 1.03 1.07 1.10 1961-2009 [25] Time-series method 
Cotton (ton/ha) 0.79 0.86 0.93 1.01 1.09 2006-2009 [24] [30] 
Cow milk, fresh (ton/animal) 1.43 1.45 1.47 1.49 1.51 1961-2009 [25] [30] 
Hen eggs, in shell (kg/animal) 19.67 19.89 20.11 20.33 20.55 1961-2009 [25] [30] 
Horse meat, carcass weight (kg/animal) 125.00 125.00 125.00 125.00 125.00 1961-2009 [25] [30] 
Maize (ton/ha) 2.24 2.38 2.52 2.68 2.84 1961-1986 [25], 1987-2009 [24] [30] 
Palm oil, oil (ton/ha) 3.58 3.73 3.89 4.05 4.20 1961-1986 [25], 1987-2009 [24] Time-series method 
Pig meat, carcass weight (kg/animal) 80.18 82.10 84.07 86.09 88.15 1961-2009 [25] [30] 
Plantain (ton/ha) 7.96 8.32 8.67 9.02 9.37 1961-1986 [25], 1987-2009 [24] Time-series method 
Rice, milled (ton/ha)1  4.04 4.24 4.44 4.65 4.87 1961-1986 [25], 1987-2009 [24]  [30] 
Sugar (ton/ha) 13.60 14.18 14.76 15.34 15.92 1986-2009 [31] Time-series method 
Jaggery (ton/ha) 6.09 6.09 6.09 6.09 6.09 1987-2009 [24] Time-series method 
Palm oil, fresh fruit (ton/ha)  19.61 20.20 20.80 21.39 21.98 1961-2009 [25] Time-series method 
Cane large (ton/ha) 117.33 117.51 117.51 117.51 117.51 1986-2009 [31] [30] 
Cane small (ton/ha) 83.84 88.93 94.33 100.06 106.14 2009 [32]  [30] 
Wood (m3/ha) 36.04 36.95 37.88 38.84 39.82 2009 [33] Assumed 
Anhydrous Ethanol (liters/ton-cane) 83.82 85.59 87.54 89.53 91.56 2006-2009 [34], [35] Calculated 
Anhydrous Ethanol (liters/ha) 9835 10058 10286 10520 10759 Calculated [2] 
Biodiesel (liters/ton fresh fruit) 185.22 188.96 192.95 197.19 201.67 2009 [34], [35] Calculated 
Biodiesel (liters/ha) 3633 3818 4013 4217 4432 Calculated [2] 
Bioethanol from molasses (liters/ton-cane) 12.62 13.14 13.68 14.22 14.75 [36], [46] [2] 
1 Assumed to be 75% of paddy yield according to Fedearroz [26]. 
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Table 9 Demand per capita for different commodities 
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FAO-REF-00 2010 2.64 19.52 23.06 1.29 1.99 163.85 12.93 0.15 100.11 12.53 4.19 58.81 51.90 39.47 26.91 0.052 0.191 
2015 2.75 21.76 27.26 1.29 1.99 179.14 14.13 0.15 109.09 14.24 4.56 60.71 56.56 40.68 27.74 0.052 0.185 
2020 2.83 24.26 32.22 1.39 1.99 195.85 15.45 0.15 118.88 16.19 4.96 62.67 61.63 41.83 28.53 0.052 0.186 
2025 2.90 27.05 38.08 1.50 1.99 214.13 16.89 0.15 127.93 18.41 5.40 64.70 66.33 43.01 29.33 0.052 0.186 
2030 2.98 30.16 45.01 1.62 1.99 234.10 18.47 0.15 137.68 20.93 5.88 66.79 71.38 44.22 30.16 0.052 0.186 
FAO-REF-01 2010 2.64 19.52 23.06 1.29 1.99 163.85 12.93 0.15 99.66 12.53 4.19 58.81 51.67 39.47 26.91 0.052 0.191 
2015 2.75 21.76 27.26 1.29 1.99 179.14 14.13 0.15 106.16 14.24 4.56 60.71 55.04 40.68 27.74 0.052 0.185 
2020 2.83 24.26 32.22 1.39 1.99 195.85 15.45 0.15 113.09 16.19 4.96 62.67 58.63 41.83 28.53 0.052 0.186 
2025 2.90 27.05 38.08 1.50 1.99 214.13 16.89 0.15 118.79 18.41 5.40 64.70 61.59 43.01 29.33 0.052 0.186 
2030 2.98 30.16 45.01 1.62 1.99 234.10 18.47 0.15 124.78 20.93 5.88 66.79 64.69 44.22 30.16 0.052 0.186 
WEO-V2 2010 2.64 19.52 23.06 1.29 1.99 163.85 12.93 0.15 98.65 12.53 4.19 58.81 51.14 39.47 26.91 0.052 0.191 
2015 2.75 21.76 27.26 1.29 1.99 179.14 14.13 0.15 99.86 14.24 4.56 60.71 51.78 40.68 27.74 0.052 0.185 
2020 2.83 24.26 32.22 1.39 1.99 195.85 15.45 0.15 101.10 16.19 4.96 62.67 52.42 41.83 28.53 0.052 0.186 
2025 2.90 27.05 38.08 1.50 1.99 214.13 16.89 0.15 104.67 18.41 5.40 64.70 54.27 43.01 29.33 0.052 0.186 
2030 2.98 30.16 45.01 1.62 1.99 234.10 18.47 0.15 108.37 20.93 5.88 66.79 56.19 44.22 30.16 0.052 0.186 
TAR-V1 2010 2.64 19.52 23.06 1.29 1.99 163.85 12.93 0.15 96.84 12.53 4.19 58.81 50.21 39.47 26.91 0.052 0.191 
2015 2.75 21.76 27.26 1.29 1.99 179.14 14.13 0.15 89.41 14.24 4.56 60.71 46.36 40.68 27.74 0.052 0.185 
2020 2.83 24.26 32.22 1.39 1.99 195.85 15.45 0.15 82.55 16.19 4.96 62.67 42.80 41.83 28.53 0.052 0.186 
2025 2.90 27.05 38.08 1.50 1.99 214.13 16.89 0.15 80.06 18.41 5.40 64.70 41.51 43.01 29.33 0.052 0.186 
2030 2.98 30.16 45.01 1.62 1.99 234.10 18.47 0.15 77.65 20.93 5.88 66.79 40.26 44.22 30.16 0.052 0.186 
World Bank 2010 2.64 19.52 23.06 1.29 1.99 163.85 12.93 0.15 99.66 12.53 4.19 58.81 51.67 39.47 26.91 0.052 0.191 
2015 2.75 21.76 27.26 1.29 1.99 179.14 14.13 0.15 106.16 14.24 4.56 60.71 55.04 40.68 27.74 0.052 0.185 
2020 2.83 24.26 32.22 1.39 1.99 195.85 15.45 0.15 113.09 16.19 4.96 62.67 58.63 41.83 28.53 0.052 0.186 
2025 2.90 27.05 38.08 1.50 1.99 214.13 16.89 0.15 118.79 18.41 5.40 64.70 61.59 43.01 29.33 0.052 0.186 
2030 2.98 30.16 45.01 1.62 1.99 234.10 18.47 0.15 124.78 20.93 5.88 66.79 64.69 44.22 30.16 0.052 0.186 
Ref. on historical data [25],  
[24] 
[25] [25] [25] [24] [25] [25] [25] [25], 
[24] 
[25], 
[24] 
[25] [25], 
[24] 
[25], 
[24] 
[31] [24] [25] [25] 
Ref. on growth [30] [39] [39] [30] Time-
series 
[39] [39] Time-
series 
[14] [39] [39] [39] [14] [30] [30] Time-
series 
Time-
series 
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Table 10 Production costs in current prices (non-discounted) 
  
Production cost in 2009 (US$, current prices) 
Predicted production costs  
(US$, current prices) 
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2010 2015 2020 2025 2030 
Bananas (US$/ton) [22] 146 26 34 88 0 0 0 0 294 339 394 404 422 466 
Bovine meat (US$/ton) [22], [48] 151 0 0 123 0 669 63 525 1531 1817 2207 2287 2358 2575 
Chicken meat (US$/ton) [22], [50] 59 0 0 144 0 214 980 378 1775 2098 2493 2519 2533 2698 
Coffee, green (US$/ton) [22], [42] 1246 84 568 426 0 0 0 0 2325 2564 2744 2622 2652 2821 
Cotton (US$/ton) [22], [24] 594 292 223 826 0 0 0 0 1935 2202 2393 2265 2189 2233 
Milk (US$/ton) [22] 57 36 0 90 0 0 114 0 297 353 426 442 455 497 
Eggs (US$/ton) [22] 104 0 0 179 0 137 1298 0 1719 2043 2493 2593 2682 2940 
Horse meat (US$/ton) [25] 0 0 0 0 0 460 0 0 460 548 678 713 746 826 
Maize (US$/ton) [22] 50 24 50 95 0 0 0 0 219 244 261 245 241 250 
Palm oil (US$/ton) [22], [27], [43], [44] 213 12 139 162 70 0 0 0 596 623 672 641 645 683 
Pig meat (US$/ton) [22], [49] 191 0 0 168 0 367 971 1189 2886 3421 4122 4232 4322 4676 
Plantains (US$/ton) [22] 55 17 31 67 0 0 0 0 171 191 210 203 204 217 
Rice, milled  (US$/ton) [22], [26] 33 55 79 203 0 0 0 0 370 415 456 435 434 456 
Sugar (US$/ton) [22], [31], [45] 15 10 21 71 96 0 0 229 442 516 603 603 606 647 
Jaggery (US$/ton) [22], [47] 107 22 41 64 0 0 0 224 458 534 635 655 685 757 
Wood (US$/m3) [33] 23 0 0 11 0 0 4 0 37 44 51 53 54 58 
Ethanol (US$/liter) [22], [31], [41], [45] 0.02 0.01 0.03 0.14 0.13 0.00 0.02 0.10 0.45 0.50 0.59 0.60 0.61 0.66 
Ethanol from molasses (US$/liter)1 0.01 0.01 0.01 0.07 0.06 0.00 0.02 0.10 0.27 0.30 0.35 0.35 0.36 0.38 
Biodiesel (US$/liter) [22], [27], [43], [44] 0.24 0.01 0.13 0.15 0.06 0.00 0.02 0.01 0.63 0.71 0.79 0.77 0.79 0.85 
1 Calculated assuming yield of 12 liter ethanol/ton-cane 
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Table 11 Domestic price of commodities (current prices, non-discounted) 
  
Min. margin 
(% prod. 
cost) 
Correlation between historical prices and intl. 
prices or price index (in current US $) 
R2 References Future domestic price  
2009 2010 2015 2020 2025 2030 
Bananas (US $/ton) 10.9% 
 
0.7 [15], [24] 370 376 438 448 468 517 
Meat, beef (US $/ton) 69.8% 
 
0.95 [15], [24] 
3,02
9 
3,61
1 
4,46
9 
4,69
8 
4,91
4 
5,44
4 
Meat, chicken (US $/ton) 18.8% 
 
0.98 [15], [24] 
2,12
1 
2,52
8 
3,12
9 
3,28
9 
3,44
0 
3,81
1 
Coffee, arabica (US $/ton) 9.4% 
 
0.87 [51] 
2,54
2 
3,21
4 
3,00
1 
2,86
8 
2,90
1 
3,08
6 
Cotton (US $/ton) 12.8% 
 
0.87 [15], [29] 
2,18
4 
2,48
5 
2,70
0 
2,55
7 
2,47
0 
2,52
0 
Milk (US $/ton) 79.6% 
 
0.97 [15], [24] 732 872 
1,07
9 
1,13
5 
1,18
7 
1,31
5 
Eggs (US $/ton) 7.0% 
 
0.98 [15], [24] 
1,86
2 
2,21
9 
2,74
7 
2,88
8 
3,02
0 
3,34
6 
Horse (US $/ton) 0.0% 
 
N.A. [15], [24] 460 548 678 713 746 826 
Maize (US $/ton) 44.0% 
 
0.86 [15], [24] 376 410 383 353 348 360 
Palm oil (US $/ton) 18.2% 
 
N.A. [15], [27] 730 901 795 758 762 807 
Pork meat (US $/ton) 5.0% 
 
0.96 [15], [24] 
3,03
0 
3,59
2 
4,32
8 
4,44
3 
4,58
7 
5,08
2 
Plantains (US $/ton) 124.6% 
 
0.96 [15], [24] 408 487 602 633 662 734 
Rice, Thailand, 5% (US $/ton) 101.5% 
 
N.A. [15], [26] 932 877 919 877 875 919 
Sugar, world (US $/ton) 41.2% 
 
0.93 [15], [24] 800 982 
1,03
4 
866 857 913 
Panela (US $/ton) 8.2% 
 
0.74 [15], [24] 496 845 899 722 742 819 
Wood (US $/m3) 20.0% 
 
- [15], [24] 62 73 91 96 100 111 
Ethanol (US $/liter) 1 
 
0.91 [15], [28] 
0.80
6 
0.95
9 
1.01
2 
0.84
0 
0.84
3 
0.91
5 
Biodiesel (US $/liter) 1 
 
 
0.92 [15], [28] 
0.94
0 
1.13
3 
1.14
0 
1.18
5 
1.22
8 
1.33
2 
1 The minimum margin for the producer of biofuels in Colombia is regulated by the Ministry of Mines and Energy. The method used to calculate the minimum 
margin is explained by DNP in [41]. Basically, a minimum price of 1187 COL/liter for ethanol and 1729 COL/liter for biodiesel in 2008 prices should be updated 
according to the price index for Colombia (using a 70% factor) and the exchange rate (using a 30% factor).  
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Table 12 Price sensitivity coefficient  
  
Price sensitivity 
coefficient 
Bananas 3.0 
Cattle Meat 2.0 
Chicken meat  2.0 
Coffee 3.0 
Cotton 1.2 
Maize 3.0 
Palm oil 3.0 
Pig meat  2.0 
Rice 2.0 
Sugar   4.0 
Wood   3.0 
 
Table 13 Assumptions for trade and estimated price of imported commodities 
Commodities 
 Assumptions for international trade 
Calculated price of imported commodities  
(  in current prices, non-discounted) 
Transport 
cost in 
2009 
(US$/ton) 
[52] 
Tariff in 
2009 (% 
of CIF) 
[23] 
Assumption to model import 
tariffs 
Year for 
phase-out 
tariffs 
[21]  
TRQ in 
2012 
(ton) 
[21] 
TRQ 
yearly 
increase 
(%) [21] 
2010 2015 2020 2025 2030 Units 
Banana 186.5  No tariff    1522 1458 1286 1335 1339 US$/ton 
Coffee 251.9  No tariff    6594 5366 3683 3885 3939 US$/ton 
Plantain 132.6  No tariff    0 0 0 0 0 - 
Palm oil  109.0 7%1 Depends on intl. price of palm oil1    1457 1268 967 998 1030 US$/ton 
Biodiesel 25.8 100%3 Constant    3 4 3 3 3 US$/liter 
Sugar 85.0 100% Constant    1599 1449 1185 1246 1266 US$/ton 
Bioethanol 25.8 100%3 Constant    2 2 1 1 2 US$/liter 
Cotton 78.7 10% Gradually decrease until phase-out 2013   3747 3342 3033 3209 3253 US$/ton 
Maize 35.9 3% Gradually decrease until phase-out 2012 2100000 5 325 300 257 267 268 US$/ton 
Rice 35.9 68%2 Depends on intl. price of rice2 2030 79000 4.5 1357 1288 1006 812 577 US$/ton 
Jaggery 85.0  No tariff    0 0 0 0 0 - 
Cattle meat 142.4 80% Gradually decrease until phase-out 2022 2100 5 9070 6986 5578 5322 5329 US$/ton 
Milk 139.6 20% Gradually decrease until phase-out 2028 5500 10 0 0 0 0 0 - 
Chicken meat 142.4 164% Gradually decrease until phase-out 2030 27040 4 7759 7164 5397 4004 2383 US$/ton 
Eggs 139.6  No tariff    0 0 0 0 0 - 
Pig meat 142.4 200% Gradually decrease until phase-out 2022   5891 5156 3176 2331 2451 US$/ton 
Horse meat 142.4  No tariff    0 0 0 0 0 - 
Wood logs 139.0   No tariff       580 560 498 520 528 US$/m3 
1 Regression used: if Int. palm oil price ≥ 867 $/ton then tariff (%) = 0, otherwise tariff (%) = 32.79 - (0.03*Int. palm oil price [$/ton]). Based on statistics from 
[15], [22] and [23]. 
2 Regression used in period 2010-2018: tariff (%) = 163.06 - (0.17*intl. price of rice [$/ton]). A linear decrease is used in period 2018-2030. Based on statistics 
from [15], [22] and [23]. 
3 No information is found on tariffs for biofuels. A constant tariff of 100% is assumed. 
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Figure 1 Methodology to estimate the future biomass energy potential 
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Figure 2 Representation of the proposed methodology 
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Figure 3 Representation of the market structure 
 
 
Figure 4 Deviation between calculated and real values 
 
 
©2014. This manuscript version is made available under the CC-BY-NC-ND 4.0 
licensehttp://creativecommons.org/licenses/by-nc-nd/4.0/ 
doi: 10.1016/j.renene.2014.03.056 27  
Figure 5 Theoretical bioenergy potential for real and calculated production values 
 
 
Figure 6 Profit by commodity for FAO-REF-00 
 
 
Figure 7 Profit by commodity for TAR-V1 
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Figure 8 Overall profit for all scenarios 
 
 
Figure 9 Agricultural area for all scenarios 
 
 
Figure 10 Agricultural area by commodity for FAO-REF-00 
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Figure 11 Agricultural area by commodity for TAR-V1 
 
 
Figure 12 Area for cattle for all scenarios 
 
 
Figure 13 Theoretical bioenergy potential for all scenarios 
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Figure 14 Difference in overall profit for local biofuel scenarios 
 
 
Figure 15 Agricultural area for local biofuel scenarios 
 
 
Figure 16 Sugar cane area for local biofuel scenarios 
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Figure 17 Difference in theoretical bioenergy potential for local biofuel scenarios 
 
 
Figure 18 Sensitivity analysis of the theoretical bioenergy potential for FAO-REF-01 
 
 
